Spreading of information in complex networks is based on passing it with certain probability from nodes that possess it to their neighbors that do not. Information cascades are triggered when the activation of a small set of initial nodesseedsresults in diffusion to large number of nodes. Here, several novel approaches related to extension of the commonly used seeding strategies into a sequence of stages are introduced. Sequential seeding method is compared with a single stage approach using real complex networks and applying various dynamic node ranking methods and diffusion parameters. The experimental results indicate that sequential seeding strategies deliver better results than single stage seeding in most cases. In the later stages, these strategies avoid seeding nodes that are already activated through the natural diffusion process. The gain arises when a saved seed is allocated to a node difficult to reach via diffusion process. The performance is further improved by identifying non-activated nodes with high potential of activizing their not yet active neighbors. The higher length of seeding sequences tends to activate more nodes but extends the duration of diffusion process. The results demonstrate the trade-off between the coverage and speed of diffusion that can be balanced according to the importance of coverage and time in specific applications.
Introduction
The process of making the decision is often a complex one, so it is often worth tracking early decisions consequences before proceeding further in areas such as: general theory of making decisions, 1, 2 financial markets, 3, 4 epidemiology 5 or market strategies. 6 Here we show that such strategy is beneficial in choosing initial set of individuals that will spread information or opinion in the social network. The current research on influence maximization and information spread in complex networks focuses mainly on single stage decisions. Exceptions are new products adaptation with early diffusion of innovations models 7, 8 that benefit from observing social influence and the diffusion of information in order to introduce better strategies to promote products, services and ideas. The main challenge is the selection of initial network nodes referred to as seeds to maximize the spread of information within the network. Influence maximization problem in complex networks was defined by Kempe 9 and extended later by the others. Various factors affecting the diffusion processes and social influence in complex networks were analyzed including the role of different centrality measures used for selection of initial influencers, 10 impact of homophily for successful seeding 11 or importance of different network factors. 12 Selection of initial seeds was also analyzed together with incentives for innovators to start diffusion processes 13 as well as from the perspective of multi-market entry. 14 While most of research is related to marketing, the problem is more generally defined as a target set selection in theoretical computer science in the domain of combinatorial optimization 15, 16, 17 . The influence maximization problem is also explored in the area of physics from the perspective of network structures. 18 Other studies discuss the role of communities 19 and propose the influence maximization through optimal percolation. 20 Some initial research has been carried out to identify seeds for temporal 21, 22 and multi-layered social networks. 23 Several comparative studies discussed seeding strategies 24 and the marketing word of mouth programs. 25 Typically, seeding strategies applied in viral marketing, social campaigns, political campaigns, diffusion of information, etc. are based on the assumption that once seeds are selected, the diffusion continues without any additional support. 26 Resent research takes into account adaptive approaches with two-stage stochastic model exploring the potential of neighboring nodes, 27 further extended towards more scalable approach. 28 
Some
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preliminary studies were performed to demonstrate the potential of using seeds not only during the first stage. 29, 30 From the other point of view the potential of multiperiod spraying algorithm for routing in delay-tolerant networks was discussed as an effective solution for propagation in computer networks. 31 Here, we introduce sequential seeding for influence maximization in complex networks and compare it to classical single stage approach. In our approach seeds are divided into several packages, and seeds from each package start either in fixed intervals or when natural diffusion processes stops for the previous package. Here, we verify the performance of the proposed approach for the different parameters related to network structures and characteristics of diffusion processes. Our results show that deploying the same number of seeds in sequence as at once yields better results, than in single stage seeding thanks to use of natural diffusion. The cost of the obtained result is the longer duration of the diffusion process affecting the speed of propagation processes and the time when maximal coverage is reached. Final solutions and the selection of strategy is based on the trade-off between coverage and speed of the processes.
Results
Sequential seeding strategies. We consider an independent cascade model that is stochastic diffusion model of information flow over the network through cascades initiated by seeds. 9 A basic, commonly used, single stage (SN) seeding consists of only one stage with n seeds. A seeding stage starts with activation of all n seeds at the beginning to initiate steps of the diffusion process and lasts until diffusion naturally stops. According to the definition of independent cascade model each diffusion step consists of a single attempt performed by by all activated in the previous step nodes, to activate their direct non-active neighbors with a given propagation probability. Due to the fact that we measure diffusion time in the number of steps, we assume that each such step takes a unit time to execute. It means that time directly corresponds to number of diffusion steps and the single stage seeding lasts T SN diffusion steps. All seeding methods considered in the paper presume a fixed number of n seeds. Five sequential seeding methods are proposed and presented in the Table 1 ; see the Methods section for more details. In the single stage method, the n seeds are utilized at once at the beginning, whereas new sequential approaches deploy them into a sequence of multiple consecutive stages. In general, there are two types of sequential seeding: (1) with constant seeding stage time SQ kPS with k equal to the number of seeds used in each seeding stage stage and SQ TSN based on the reference time from single stage seeding; (2) with revival mode, in which the stage ends when the natural process finishes and the next seeding stage starts immediately thereafter (SQ kPS R, SQ TSN R) and the revival mode with buffering (SQ kPS B). The example of one seed per stage sequential seeding (SQ 1PS) in the relation to single stage seeding (SN) with the same diffusion parameters is shown in Fig. 1(A) . The use of a single seed {1} in each step of simulation instead of using all seeds at the beginning results in the increased coverage C SQ kPS , when compared to single stage coverage C SN . Time -more precisely the number of diffusion steps -when the maximal coverage is reached T SQ 1PS is also
No. of Steps Strategy
Description seeding per stages stage * SQ kPS k Seeds Per Stage -the sequential seeding consisting of n stages; each activating k additional seeds at its beginning and lasting one diffusion step SQ kPS R k Seeds Per Stage with Revival -with k seeds invoking the stage and reviving the previously stopped diffusion; the stage ends when the natural diffusion process stops SQ kPS B k Seeds Per Stage with Buffering -the seed set is distributed equally: k seeds to each diffusion step; the process starts with the k seeds; the next seeding stage, however, is applied after the natural diffusion process stops; the buffer collects seeds during this natural processk per step, i.e. it contains as many seeds as the k multiplied by a number of steps in the natural process invoked by the previous seeding stage; the last seeding stage is in the nth diffusion step SQ TSN Time from Single Stage -the number of steps T SN in the reference single stage seeding (SN) is used to define the number of seeding stages; seeds are distributed equally -the number of seeds in each stage is the total number of seeds n divided by the sequence length: n/T SN * * SQ TSN R Time from Single Stage with Revival -the seeds are allocated among stages like in SQ TSN, but a new stage starts and additional seeds (n/T SN ) are used after the previous natural diffusion process stops * * n 1 n ≥ 1 ≤ n ≤ n min(n, T SN ) * * 1 min(n, T SN ) * * ≥ 1 Table 1 . New seeding strategies, all based on sequential approach either without or with revival mode; n -the fixed number of seeds, T SN -the number of natural diffusion steps in the reference single stage approach (SN); * the number of steps in the last seeding stage is not defined and can be greater than 1, since the diffusion proceeds until the natural stop. * * if n < T SN , k Seeds Per Stage (SQ kPS) approach with n stages is used; otherwise seeding consists of T SN stages .
typically longer than the reference time for the single stage T SN . Time T SQ 1PS,SN denotes the number of steps when SQ 1PS process reaches the maximal coverage C SN from single stage process. The second approach (SQ TSN), illustrated in Fig. 1 (B) , uses shorter sequence with the total number of stages equal to the number of steps when maximal coverage C SN in the single stage seeding (SN) is reached. The number of seeds {s} used in each step is the total number of available seeds n divided by the number of stages T SN -steps in the single stage process. An extension, based on the revival mode presented in Fig. 1 (C), uses additional seeds once the natural diffusion process dies out and needs to recover. The revival mode may also be extended with buffering: the not used due to natural diffusion seeds planned to use but not revealed (one per natural step) are stored in the buffer and brought into play when the diffusion process terminates.
For all sequential approaches, five seed selection strategies utilizing various initial ranking of nodes were applied: random selection (R), degree (D), second level degree takes into account node degree and the degrees of it's neighbours (D2), Page Rank (PR) and eigenvector (EV). In each seeding stage, only nodes that have been not activated yet are selected in the order of their initial ranking as seeds, making the sequential seeding set different from the single stage approach. Rankings of nodes may be computed at the beginning of the process based on the structural measures within the initial network.
General conclusions. Results achieved with the sequential seeding strategies were compared with the single stage seeding (SN) for 1,875 versatile configurations and Cartesian product of parameters: PP=5, N=15, S=5, SP=5. For each network, we use the same diffusion parameters, the total number of seeds and seed selection strategy. The simulation outcomes manifests the improvement in 89.8% cases, with the largest benefit, in terms of better coverage an average 10.1% and exceeding 50% in some cases. Due to used sequences the duration of the processes was increased and it takes in average 5.2 times longer to achieve maximal values from single stage.
We observed two main factors affecting the performance of sequential seeding. The first is the extent to which sequential seeding avoids selecting nodes that would be activated through the natural diffusion process. The gain arises when a top ranked but already activated node is removed from selection and a saved seed is allocated to a node, which would not be activated by the diffusion process. It is most likely to happen in the revival mode, which maximally delays the next seeding stage until the diffusion process saturates in the current stage. The second factor improving performance is the ability to detect network areas in which a few non-activated nodes have high potential of activating their neighbors. It could be achieved through removing from rankings already activated node and selection of nodes with a high potential according to used ranking method.
Distributing the seeds over time is a strategy with lower risk because new nodes are seeded when more is known about the diffusion coverage. It is important especially when the budget, i.e. the number of initial seeds, is fixed. In such a case initial seed selection consumes the entire budget and recover is not possible if the campaign is dying out without reaching its desired coverage. Gradual spending allows to fund a campaign for a longer time period and to reach more customers.
The trade-off between the final coverage and speed of diffusion process depends on individual preferences and the importance of both coverage and the process duration in specific applications. Better coverage can be achieved by sequential approach, but it takes more time to finish or even to reach the same coverage as for single stage seeding. The more stages the sequential seeding process has, the more nodes might by activated, but the diffusion process will last longer. If the process is optimized for time, the length of sequence should be short. For example during the elections, time is fixed and all possible efforts should be taken to acquire as many voters as possible by the voting date. With high speed epidemics, the vaccination process should be applied quickly to protect as many people as possible. In critical situations, when initial actions are not sufficient, additional resources can be engaged and additional seeds activated.
Experimental setup We ran agent-based simulations on 15 static real networks specified in Table 2 . Table 2 . Networks and parameters of the diffusion processes used in simulations The independent cascades model (IC) 9 was used with propagation probability PP(a, b) that node a activates (influences or infects) node b in the step t + 1 under condition that node a was activated at time t. 46 The main reason for selection of this model was a relatively small number of seeds needed in each stage for the maximal decomposition of initial set of seeds. With the independent cascades model even a single seed can induce diffusion, while in linear threshold model 9 (LT) a small seeds packages would often have no effect. Parameters used in simulations related to the characteristics of diffusion process, networks and strategies that were used in simulations are presented in Table 3 .
Simulation parameters create an experimental space N X PP X SP X S, resulting in 1,875 configuration. Each such configuration was independently applied for each seeding strategy from Table 3 . Networks and parameters of the diffusion processes used in simulations experimental space sequential seeding algorithms were tested including constant seeding stage time and revival mode, see Table 1 .
Simulation results. Results achieved in sequential seeding were compared with the single stage seeding (SN) within the same network and the same parameters including propagation probability (PP), seeding percentage (SP) and seed selection strategy (S). Reference values for comparison were based on the coverage achieved in the single stage seeding C SN and the duration -the number of steps in the single stage process T SN representing the stage when the C SN is achieved, see Fig. 1 
and the Methods section.
During experiments several variants of sequential seeding approach were verified including k seeds per stage with k equal to 1, 2, 4 and 8 with both revival (SQ kPS R) and non revival mode (SQ kPS). For k = 1 buffered approach was used (SQ 1PS B). Reference based strategy was verified with revival (SQ TSN R) and non-revival mode (SQ TSN). Finally 11 variants of sequential strategies were used.
The best results in terms of coverage were delivered from the sequential strategy with k = 1 seed used per stage with revival mode (SQ 1PS R) and they were characterized by the longest duration. The opposite results with the shortest duration and the low coverage were achieved for sequential approach with reference time from single stage (SQ TSN), see Fig. 5 (D) and results from both strategies were analysed in this section.
With SQ 1PS R was possible the highest decomposition of the seeding and the usage of single seeds what delivered high coverage, however it was connected with long duration of the process. For SQ TSN the number of seeding stages was usually low and the coverage was lower. Both strategies were compared with the coverage of single stage strategy (SN) achieved for the same simulation parameters, Fig. 2 (A) . Results from 1,875 configurations for both strategies are ordered by coverage obtained in the single stage method represented by red line. For the parameters with relatively low coverage, below 5%, results for the first 250 cases for all strategies are quite similar and the differences are small, while with growing coverage the differences are much more visible. Sequential seeding is almost always better than its single stage equivalent with the same parameters. The global results for all networks, strategies and parameters show better results than SN in 95.3% of simulation cases delivered by SQ 1PS R. The gain was also observed in 85.49% cases for SQ TSN. Fig. 2(B) illustrates coverage performance of sequential seeding strategies, SQ 1PS R and SQ TSN represented as a ratio of coverage obtained by these two methods to the one achieved the single stage (SN). The length of sequence positively affected the total results. In 1,697 cases from 1,875 (90.5%), one seed per stage method (SQ 1PS R) outperformed seeding with shorter sequences (SQ TSN). The example comparison of simulation results between SQ TSN, SQ 1PS R and single stage seeding is presented in Fig. 2 (C) . Sequential strategies outperform the single stage approach even tough they need more time (steps) to achieve that.
Results from simulations demonstrated that the improvement can even exceed 50% with the use of the same number of seeds as in the single stage seeding. The coverage of diffusion processes based on SQ 1PS R achieved on average 13.1% better results than using SN approach with the same parameters. The SQ TSN delivered significantly better results with on average 7.15% higher reach than achieved by the single stage seeding.
The performance of proposed methods is dependent on parameters of the diffusion process and network characteristics. Results are dependent on used seed selection strategy and the parameters of the diffusion process. In example the gain and distance from the single stage seeding for both SQ 1PS R and SQ TSN was the highest for degree based selection and the lowest for random node selection what is showed in Fig. 2(D1) . Experiments were carried out on a wide range of networks and parameters, including parameters resulting in very low performance, e.g. the propagation probability PP=0.05 or seeding percentage SP=1%. For such parameters, it is very difficult to induce the diffusion processes, no matter what seeding strategy is applied. The highest improvement was observed for the lowest propagation probability PP=0.05 with 13% higher coverage of SQ 1PS R than for single stage seeding and SQ TSN delivered 8% improvement. The highest propagation probability PP=0.25 delivered 7% and 4% improvement for both strategies respectively, see Fig. 2(D2) . In conditions with high propagation probability, the diffusion processes are reaching high coverage in a very short time, regardless of what seeding strategy is used -there is almost no space for any improvement. In terms of seeding percentage (SP) performance of sequential seeding grows together with the number of seeds selected. The lowest seeding percentage SP=1% delivered 4% and 2% improvement while for the SP=5% was at the level 12% and 8% respectively, see Fig. 2(D3) . In general, the obtained results were strongly dependent on the network profile with the overall coverage and performance of sequential seeding illustrated in Fig. 2(D3) and in Fig. 5(A) .
One of the reasons for a generally good performance of sequential methods, in terms of coverage, is related to identifying the seeds with the highest potential to activate other nodes. Sequential seeding efficiently utilizes the potential of natural diffusion, but spreading seeds over time increases the diffusion duration, see Fig. 2 (C) .
The greatest coverage can be achieved by means of one per stage SQ 1PS R strategy, but it results in the longest duration since the seed spreading is performed over relatively long period equal to the total number of seeds used. On the other hand, the coverage performance of the SQ TSN strategy is lower, but it takes less time to reach the coverage grater than in the single stage approach, Fig. 2 (C) .
The final decision which strategy to use depends on the trade-off between time and coverage. If the process is restricted in time, the seeding sequence length should be shorter. For SQ TSN, the diffusion is in average 1.4 times longer than for the single stage approach SN. For the longest single sequence based on SQ 1PS R, the duration of the process was in average 11.9 times longer.
Gain in coverage (positive coverage ratio) and loss in time (positive time ratio) for both sequential strategies - Fig. 2 (E) presents a big dispersion for SQ 1PS R. Searching for trade-off between acceptable extended time and desired increased coverage for two sequential methods SQ 1PS R and SQ TSN can be found among cases from Fig. 2 (E). It can be seen that SQ 1PS provides greater variety of possible solutions and much greater gain in coverage, at the cost of the substantial expense of speed.
While in this section results from two main approaches SQ 1PS R and SQ TSN are presented their extensions based on revival mode and buffering are showed in the Discussion section. The SQ kPS strategy and the use for k parameter other values than one makes possible affecting both duration and the coverage of the process. Further experimental results were based on 2, 4 and 8 seeds and detailed analysis is presented in the Discussion section as well.
Methods
Proposed sequential approach. The common approach for seeding in complex networks is the single stage seeding (SN), Fig. 3 (A) . In the first stage, all n initial seeds are selected using a given selection strategy, e.g. based on some ranking of nodes often defined by node properties, such as degree. The diffusion process starts, continues without any additional support and stops at certain to which we refer as saturation time T SN , achieving coverage C SN . An example network with 30 nodes was generated using Baraba´ si-Albert model. At the beginning, n = 6 nodes with the highest degree, representing 20% of all nodes, are selected as seeds. The next steps of the diffusion process were simulated using the Independent Cascades model with propagation probability P=0.5, see Fig. 3 (AI and AII) .
In the sequential seeding approach, introduced here, the seeds are split among several stages takes place in a form of the seeds sequence, used in several stages of the process and each of which starts with seeding followed by diffusion. The selection of seeds in each stage is based on node ranks. The first sequential method -one seed per stage (SQ 1PS) utilizes the highest decomposition of the seeding, i.e. spreading individual seeds to seeding stages. The number of stages equals the number of seedsn. To illustrate this process the same network with the same number of seeds as for SN is used in Fig. 3 (B) . The seeding process consists of six stages with one seed per stage. In each stage, a new seed with the highest degree is selected from only not yet activated nodes. It means that the already activated nodes are not considered for selection, even if they possess the high rank. This allows avoiding to seed nodes that would be activated anyway by the natural process.
Comparing the outcome of both strategies (SN and SQ 1PS), the diffusion process with sequential seeding reached 24 nodes, while the total number of activated nodes in the single stage seeding approach was 18. All nodes except node 11 that have been activated in the SN method were also activated by sequential strategy, and seven additional nodes were activated. However, since the diffusion process was simulated using the probabilistic Independent Cascades model, it might happen that the outcome of sequential seeding strategy will be different, or even worse, than the final result of single stage seeding strategy. Nevertheless, as proved by experimental results, the sequential seeding strategy outperforms the single stage method in over 90% of cases.
The higher coverage and the longer duration compared to single stage SN - Fig. 4 (A) for the k per stage sequential seeding process SQ 1PS is illustrated in Fig. 4 (B) . The questions arise here what is the increased coverage C OPS and how much it is greater than C SN . Moreover, it is achieved by time T OPS substantially greater than T SN . Additionally, we can consider the lower speed of the SQ 1PS process by measuring the time T OPS,SN when the maximal coverage C SN from the SN process is being reached. Commonly, T OPS,SN >T SN . Another sign of lower speed is the coverage C SN,1PS of the SQ kPS process achieved in time T SN ; typically, C SN,kPS <C SN .
While the sequences with the SQ 1PS are relatively long, the second proposed approach is based on the reference time T SN from the single stage seeding applied to sequential concept -SQ TSN, Fig. 4 (C) . The number of seeds used in each step is equal to the number of seeds {s} used in single stage seeding divided by the number of steps T SN needed to reach the saturation point in SN. The sequence of seeds {s} starts at the first stage and finishes at T SN . The coverage C T SN,SN of the SQ TSN process at the time T SN can be compared with C SN . Due to the slower speed of the SQ TSN process: C T SN,SN <C SN , however, C T SN,SN >C OPS,SN , i.e. SQ TSN is faster than SQ kPS. It can be ) with the highest degree is selected from the ranking. The seeds activate with PP=0.5 their neighbors; as a result 10 nodes are activated. In the next step (II), all newly activated nodes are contacting their non-active neighbors, activating two of them. It ends the process with the total number of 18 activated nodes. (B) One per stage sequential seeding strategy (SQ 1PS) with top degree selection. (I) A node with the highest degree is selected for the first seed. Since four nodes have the same degree, node 7 is selected randomly. It tries to activate its neighbors with PP=0.5 -nodes 2 and 9 become active. Node 2, seeded in SN (AI) is activated by a natural process. (II) Node 3 is the second seed. At this stage, three nodes being seeds in the SN process, i.e. 1,2,6 are activated by other nodes; three other nodes can take their place as seeds. (III) Node 4 is taken as the third seed. (IV) The fourth seed is node 24 -it did not belong to seeds in the SN process. It could become a seed because all nodes preceding it in the ranking have already been activated. So far, 20 nodes are activated in four steps comparing to 18 in the SN strategy, and there are two more seeds left to activate. (V) The fifth seed is node 11. Since the other nodes do not activate any new ones, the process would terminate now with totally 22 activated nodes. However, one more seed is still available. (VI) The last seed is node 22. it activates node 27. It cannot activate anyone else, so the diffusion process stops with 24 activated nodes. New segments of the network reached with the sequential seeding are marked.
observed that T OPS,SN >T T SN,SN >T SN . On the other hand, regarding the total coverages, we have: C OPS >C T SN >C SN . Overall, the greater coverage, the lower speed.
Sequential seeding with revival and buffering mode. Both SQ kPS and SQ TSN seedings are independent from the process dynamics and they enable improvements due to allocation of additional seeds, even if the natural diffusion process is ongoing. To utilize the acquired knowledge about process dynamics, the sequential strategy with revival mode is proposed and applied to modify sequential strategies with constant seeding stage time: SQ kPS R and SQ TSN R. In both cases, an additional seeding is suspended until the recent diffusion process stops, i.e. the increase of coverage in two following steps ∆C=0, Fig. 4 (D) and (E). It means that the proposed approaches extend the execution time of individual seeding stages and the total process duration. Only one seed per stage is used in SQ kPS R and similarly to SQ TSN, the allocated package of l{s}l = n/T SN seeds is applied in SQ TSN R. According to the nature of the independent cascades model, each recently activated node has only one chance to infect its neighbors. Hence, if the process stops, it would not be re-initiated by the natural process in the next stages. The only way to continue activations is to restore it by using an additional seed (SQ kPS R) or seeds (SQ TSN R). Both approaches can improve the final coverage, but at the price of increased duration.
Yet another proposed approach SQ kPS B based on one seed per stage method, accumulates in a buffer the seeds from steps while the natural process goes on. The buffer is released after the process terminates and requires recovery. The main goal of SQ kPS B is to limit the duration and make them equal to SQ kPS, simultaneously using the potential of the natural diffusion process, Fig. 4 (F) . If we compare SQ kPS B with SQ kPS, the diffusion time of both is similar but the coverage for the buffering mode -SQ kPS B is commonly greater because of the better exploitation of the natural process.
Discussion
Sequential seeding with one seed per stage SQ 1PS outperformed coverage of the single stage seeding SN in 85.8% of configurations, providing in average 8.8% better coverage with statistical significance p<2.2e-16 and ∆=-67.6 for the Hodges-Lehmann estimator but the duration of SQ 1PS was 7.3 times longer than for SN.
The revival mode applied to single seed per stage (SQ 1PS R) resulted in the greater coverage by 13.1% if compared to the single stage approach, which is 48% more than improvement of the version without revival (SQ 1PS), Fig. 5 (B) . On the other hand, the process duration was longer in average 11.9 times than for single stage seeding and about 62.4% longer than without revival. In 95.3% of cases, the revival mode delivered better results than single stage seeding what better by 11.1% than for SQ 1PS. In general, the single seed per stage with revival mode SQ 1PS R lasts the longest but delivers the greatest coverage. It can be treated as the upper limit both for coverage and duration.
Apart from results presented in Results section, the one per stage sequential strategy with revival SQ 1PS R was compared with SN and independently SQ TSN vs. SN using the Wilcoxon signed rank test. For SQ 1PS R, it indicated statistically significant difference (p < 2.2E − 16) from SN with for the experimental space from Table  3 . Hodges-Lehmann estimator ∆ = −85.4 was used as a measure of the difference between two result groups; values ∆ < 0 demonstrate significantly better coverage results for SQ 1PS R. The second compared strategy SQ TSN delivered significantly better results (p < 2.2E − 16) with ∆ = −54.1.
Since SQ 1PS R sequences made better use of natural diffusion, they also provided greater coverage than SQ TSN in 1,697 configurations (90.5%), with statistical significance p<2.2e-16 and ∆=-31.5 for the Hodges-Lehmann estimator. Simultaneously, the average SQ 1PS R increase (13.1%) was as of 1.84 times greater than the average increase achieved by the SQ TSN strategy (7.1%). In 4.48% for SQ 1PS R and 14.2% for SQ TSN, the sequential coverage was smaller than for the single stage approach.
The buffered mode SQ 1PS B resulted in smaller increase of the duration -9.3 times longer than the single stage seeding SN and it lasted only 78.8% of the duration of revival mode SQ 1PS R. The coverage increase of the buffered mode compared to SN was observed at the level of 10.7% and it referred to 91.2% configurations.
Revival mode SQ 1PS R outperformed buffered mode SQ 1PS B in terms of coverage but the duration was increased, see also Fig. 5 (B1) .
For SQ TSN sequential method the duration was longer 1.4 times than the single stage approach and it delivered in average 7.1% better coverage for 85.5% of configurations, see also Fig. 5 (B2) . The revival mode applied to reference time based strategy (SQ TSN R) increased the process duration by 3.2 times than in SN approach and it was 2.3 times longer than for non-revival mode SQ TSN. The increase of SQ TSN R coverage was registered at the average level of 11.4% compared to single stage SN and the positive improve was for 94.2% of configurations.
The experiments included some configurations with very low final coverage, what resulted from low propagation probability PP=0.01 mixed with low seeding percentage SP=1%. It means that the total number of activations was low, no matter what strategy was used. For example, for a small network N10 with SP=1% only 9 seeds were activated, so it is very difficult to induce any diffusion with PP=0.01. An opposite case was observed for networks with a very high degree and relatively high propagation probability, i.e. PP=0.25 and SP=5%, where all strategies perform very well resulting in a high number of activated nodes in a very short time. Taking into account the above conditions, an increase by 13.1% in average for SQ 1PS R appears to be substantial.
An implementation of revival mode resulted in the increased number of cases with longer duration accompanied by the increase in coverage, Fig. 5 (B) and the difference for the buffer mode is showed in Fig. 5 (B1) for all configurations. The buffering mode has the potential to improve results without high increase of duration. The results for SQ TSN and SQ TSN R, in turn, are much more concentrated, Fig. 5 (B2) . The visible diversity of results for the SQ 1PS R technique that introduces much variety in time and coverage, i.e. extends solution space, comes from the better utilization of the heterogeneous natural process, Fig. 5 (B) .
Two strategies: SQ 1PS R and SQ TSN can be treated as upper and lower boundaries, respectively, both for coverage and time, Fig. 5 (D) . The space between them may be explored by using different values of seeds per stage, i.e. different k for SQ kPS: k = 2, 4, 8. Additionally, sequential strategies SQ 2PS, SQ 4PS and SQ 8PS were verified with and without revival mode.
The relation between SQ 1PS and strategies with other k values in terms of coverage is shown in Fig. 5 (C) . The average coverage achieved for SQ 2PS was better 8.98% than SN seeding and even a bit better than for SQ 1PS with the average value 8.79%. SQ 4PS achieved in average 8% better coverage than SN. The sequential strategy with k = 8 seeds used per stage SQ 8PS delivered 7.02% better results than SN seeding. The analysis of duration was presented in Fig. 5 (C1) . While SQ 2PS was 3.94 times longer than SN, the SQ 1PS was even longer -1.86 times than SQ 2PS. Using 4 seeds per stage -SQ 4PS the process lasted 2.3 times longer than SN and SQ 8PS was only 11/14 1.56 longer than SN. After comparing to the length SQ 1PS and is duration longer 7.31 times than SN it shows SQ 1PS was 1.86 times longer than SQ 2PS, 3.17 times longer than SQ 4PS and 4.69 longer than SQ 8PS.
Revival mode applied to SQ 2PS, SQ 4PS and SQ 8PS sequences increased their duration what is shown in Fig. 5 (C2) . Sequential strategy with two seeds per stage and revival mode (SQ 2PS R) was an average two times longer than it's non-revival mode equivalent. Revival mode applied to SQ 2PS improved it's coverage by 3.71%. Revival mode applied to SQ 4PS R increased it's performance by 3.92% and it was 2.2 times longer than sequence with four seeds per stage without revival. Revival mode applied to SQ 8PS improved results by 3.77% and the duration of the process based on SQ 8PS R was 2.21 times longer than SQ 8PS.
Overall, the experimental results reveal that the proper seeding strategy creates a trade-off between time and coverage, which can be explored by various seeding strategies. The greatest coverage can be achieved by means of longer sequences, but it also results in longer duration. If the process is limited in time that is relatively short, the sequential strategies may be less efficient than the single stage approach.
The greater benefits in coverage are usually paid by duration extension: the better the former, the longer the latter. Representation of coverage and time for eleven verified sequential strategies for all seed selection approaches is presented in Fig. 5 (D) . In example the highest coverage was achieved for SQ 1PS R with longest duration of the process. Similar result for SQ 2PS R in terms of coverage is accompanied with the the shorter duration of the process. Sequential strategy with four seeds used with revival mode (SQ 4PS R) shows slightly lower coverage but the duration is much more reduced when compared to SQ 1PS R. It means that there are pretty many SQ 4PS R cases that outperform in coverage without losing much in time. Results from SQ TSN R deliver acceptable both coverage and time as well. It comes from the nature of the SQ TSN approach -limitation of the seeding sequence to number of steps in the single stage method, substantially shorter than for k per stage approach (SQ 1PS). On the other hand, SQ TSN strategy also provides more cases that lose both in coverage (negative coverage ratio) and time. Similar relation between results of sequential strategies is observed for all seed selection strategies illustrated in Fig. 5 (D1-D5) with the biggest differences in coverage observed for random selection.
The methods SQ TSN and SQ TSN R that as the reference the saturation time T SN from single stage strategy are useful for experimentation since the more practical approach is the division of seeds into fixed number of stages like in SQ kPS approach with k = 4 seeds per stage, with the expected results somewhere between the atomic, one seed per stage approaches SQ 1PS R and SQ TSN R.
The experiments revealed that sequential allocation of seeds efficiently makes use of additional knowledge that can be acquired by monitoring the diffusion process and helps to avoid seeding nodes with lower potential for activating others and to initiate new information cascades from other seeds. It decreases risk level at decision making while seeding and makes possible the improvement of overall results.
